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Abstract

The white rot basidiomycete, Phanerochaetehrysosporium, employs an array of extracellular enzymes to completely degrade
the major polymers of wood: cellulose, hemicellulose and lignin. Towards the identification of participating enzymes, 268 likely
secreted proteins were predicted using SignalP and TargetP algorithms. To assess the reliability of secretome predictions and
to evaluate the usefulness of the current database, we performed shotgun LC-MS/MS on cultures grown on standard cellulose-
containing medium. A total of 182 unique peptide sequences were matched to 50 specific genes, of which 24 were among the
secretome subset. Underscoring the rich genetic diversity of P. chrysosporium, identifications included 32 glycosyl hydrolases.
Functionally interconnected enzyme groups were recognized. For example, the multiple endoglucanases and processive exocel-
lobiohydrolases observed quite probably attack cellulose in a synergistic manner. In addition, a hemicellulolytic system included
endoxylanases, «-galactosidase, acetyl xylan esterase, and «-L-arabinofuranosidase. Glucose and cellobiose metabolism likely
involves cellobiose dehydrogenase, glucose oxidase, and various inverting glycoside hydrolases, all perhaps enhanced by an
epimerase. To evaluate the completeness of the current database, mass spectroscopy analysis was performed on a larger and
more inclusive dataset containing all possible ORFs. This allowed identification of a previously undetected hypothetical protein
and a putative acid phosphatase. The expression of several genes was supported by RT-PCR amplification of their cDNAs.
Published by Elsevier B.V.
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1. Introduction

The model wood decay fungus, Phanerochaete

chrysosporium, completely degrades all major com-
ponents of plant cell walls, including cellulose, hemi-
cellulose, and lignin (for a review, see Eriksson et
al., 1990). The ligninolytic system has been inten-
sively studied and is generally believed to involve
extracellular oxidative enzyme systems (for review,
see Cullen and Kersten, 2004). Degradation of cel-
lulose, hemicellulose and pectin has received rel-
atively less attention, although the recently com-
pleted genome reveals impressive diversity among
genes believed to encode carbohydrate-active enzymes
(Martinez et al., 2004). More specifically, at least
166 sequences are predicted to encode glycoside
hydrolases.

Several cellulases have been purified from defined
basal media with crystalline cellulose as carbon source.
Eriksson and Pettersson (1975a, 1975b) characterized
multiple endoglucanase (EG) and exocellobiohydro-
lase (CBH) isozymes. Two CBHI isozymes, designated
CBH62 and CBH58, and a single CBHII, designated
CBH50, were subsequently purified (Uzcategui et al.,
1991c). Genetic analysis identified the correspond-
ing genes, and in accord with glycosyl hydrolase
nomenclature of Henrissat (1991) (http://afmb.cnrs-
mrs.fr/CAZY/index.html), these have been named
cel7C,cel7D, andcel6A. Four additional CBH1genes
have been sequenced, and all the six cel7s have
been the subject of molecular modeling (Munoz et
al., 2001). Transcripts of the cel7 genes are present
in cellulose-containing media (Covert et al., 1992b;
Vanden Wymelenberg et al., 1993), but protein iden-
tification to date has been limited to CEL7C and
CEL7D (Uzcateguietal., 1991b, 1991c). Five endoglu-
canase isozymes were partially resolved by Eriksson
and Pettersson (1975a) and more recently, experi-
mentally determined peptide sequence has been re-
ported for two glycosyl hydrolase family 5 (GH5)
isozymes (Uzcategui et al., 1991a) and a single
GH28 isozyme (Henriksson et al., 1999). To date,
only one endoglucanase gene, cel61A, has been char-
acterized (Vanden Wymelenberg et al., 2002), al-
though the corresponding protein has not yet been
identified.

Following the synergistic activities of CBHs and
EGs, cellobiose and related oligosaccharides are

converted to glucose by pB-glucosidases. Several
isozymes have been purified from cellulose-grown
P. chrysosporiumcultures (Deshpande et al., 1978;
Igarashi et al., 2003; Smith and Gold, 1979) and a
single gene, bgll, identified (Li and Renganathan,
1998).

Relatively little is known about the enzymes in-
volved in hemicellulose and pectin degradation in
P. chrysosporium(Castanares et al., 1995; Copa-
Patino et al., 1993). Two cDNAs believed to encode
endoxylanases have been sequenced (GenBank ac-
cessions AAG44993, AAG44995), and both were re-
cently expressed in Aspergillusniger (Decelle et al.,
2004).

In addition to the abovementioned hydrolytic en-
zymes, oxidative enzymes have been purified from
cellulose-containing media (Eriksson et al., 1974). In
this context, cellobiose dehydrogenase has received
considerable recent attention (for review, see Cameron
and Aust, 2001; Henriksson et al., 2000a, 2000b). In
addition to its direct action on cellobiose, CDH has
been implicated in cellulose degradation via Fenton
chemistry (Mansfield et al., 1997). In brief, Fenton
systems involve the spontaneous reaction of perox-
ide and reduced iron to generate highly reactive hy-
droxyl radicals. Enzymes capable of iron reduction
or peroxide production may be involved in hydroxyl
radical generation, and CDH is capable of generating
both reactants (Fe(ll) and H20,). Peroxide-generating
enzymes of P. chrysosporiumalso include the cop-
per radical oxidase, glyoxal oxidase, and the FAD-
dependent pyranose 2-oxidase and glucose oxidase.
Recent analysis of the P. chrysosporiumgenome re-
veals a complex array of genes encoding six addi-
tional copper radical oxidases and five FAD-dependent
oxidases (Martinez et al., 2004). With the exception
of glyoxal oxidase (Kersten and Cullen, 1993) and
pyranose 2-oxidase (de Koker et al., 2004), noth-
ing is known about the expression of these oxidase
genes.

As a first step toward clarifying the role of
individual genes in cellulose degradation, we per-
formed liquid chromatography—tandem mass spec-
troscopy (LC-MS/MS) analysis on filtrates from
P. chrysosporiumstrain RP-78 grown in standard
cellulose-containing medium. Alternative databases
and sample treatments were evaluated, and a total of
50 specific gene products were identified.
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2. Materials and methods
2.1. Culture conditions

As previously described (Covert et al., 1992b;
Vanden Wymelenberg et al., 1993, 2002), 200 ml de-
fined basal salts (Eriksson and Hamp, 1978) were
supplemented with wood-derived crystalline cellulose
(0.4% Avicel PH-101, Fluka Chemie AG, Buchs, CH)
in 2 I flasks and inoculated with P.chrysosporiunkRP78
to a final concentration of 5 x 10* spores per ml. Du-
plicate cultures were grown at 37 °C, 250 rpm, and har-
vested after 6 days.

2.2. Protein analysis

Following filtration through nylon screen, culture
fluids were combined and briefly centrifuged. Avi-
cel was removed via vacuum filtration through GF/A
glass filters (Whatman International, Maidstone, UK).
The filtrate was concentrated in an Amicon ultrafil-
tration device using a 5000 MWCO polyethersulfone
membrane (Millipore Corp., Bedford, MA). Ten- and
100-fold concentrations were achieved for CBIND
(Novagen Inc., Madison, WI) and non-CBIND prepa-
rations, respectively. The non-CBIND preparation was
concentrated an additional 10-fold with a Microsep 3K
Omega centrifugal device (Pall Life Sciences, Ann Ar-
bor, MI).

Concentrated soluble protein was either loaded di-
rectly onto SDS-PAGE gels or first fractionated by cel-
lulose binding. The entire concentrate (~30 ml) from
ultrafiltration was applied to a CBIND 900 cartridge,
according to the manufacturer’s instructions. Elution
was in 3ml ethylene glycol, and the eluate was di-
luted with 3ml H,O and placed in a Microsep 3K
device for further concentration to a final volume of
100 wl. Eighty-five microlitres was acetone precipi-
tated and re-suspended in 15 wl H,O for SDS-PAGE.
An equal volume of Laemmli buffer (Bio-Rad Lab-
oratories Inc., Hercules, CA) was added to samples
before loading onto a 12.5% SDS-PAGE gel (Crite-
rion Tris—HCI Ready Gel, Bio-Rad Laboratories). Gels
were stained with Coomassie Blue R-250 (Bio-Rad
Laboratories) to estimate the protein abundance and
MW distribution. Total protein fraction resolved on a
gel was manually fractioned with a surgical blade into
10, 2mm long and 5mm wide strips. These gel strips

were further cut into ~1 mm pieces and placed in indi-
vidual siliconized 1.5 ml microcentrifuge tubes (Fisher
Scientific) for subsequent enzymatic digestion.

‘In gel’ digestion and mass spectrometric anal-
ysis was performed as described (www.biotech.
wisc.edu/ServicesResearch/MassSpec/ingel.htm.) In
short, gel pieces were de-stained completely in
MeOH/H20/NH4HCO3 (50%:50%:100 mM), dehy-
drated for 10min in acetonitrile/H,O/NH4HCO3
(50%:50%:25mM) and then once more for 1min
in 100% acetonitrile. The samples were dried in a
Speed-Vac for 5min, reduced in 25mM DTT (dithio-
threitol in 25mM NH4HCO3) for 30min at 56°C,
alkylated with 55mM IAA (iodoacetamide in 25 mM
NH4HCO3) in darkness at room temperature for
30 min, washed in H,O for 20 min, equilibrated in
25 mM NH4HCOj3 for 10 min, dehydrated for 10 minin
acetonitrile/H,O/NH4HCO3 (50%:50%:25 mM) and
then once more for 1 min in 100% acetonitrile. Fol-
lowing drying, samples were rehydrated with 25 pl
of trypsin solution (20 ng/ul trypsin (Sequenc&rade
Modified, PROMEGA Inc., Madison, WI) in 25mM
NH4HCO3) or with 25 I Asp-N solution (8 ng/u.l en-
doproteinase Asp-N, Roche Biochemicals) in 50 mM
NazHPO4, 5 mM Tris—HCI (pH 8.0). Additional buffer
overlay (~15 wl) was provided to keep gel the frag-
ments immersed. The digestions were conducted
overnight (18 h) at 37°C, then terminated by acidi-
fication with 0.1% TFA (Trifluoroacetic acid). Pep-
tides generated from digestions were extracted in two
subsequent steps, first with an equal volume of 0.1%
TFA (~50pl) and vigorous vortexing for 15min,
then with the same volume of acetonitrile/H,O/TFA
(70%:25%:5%) and vortexing. The collected peptide
solution was dried completely in a Speed-Vac, re-
suspended in 50 wl of 0.1% TFA, and solid phase ex-
tracted (C18 SPEC-PLUSM-PT pipette tips, Varian
Inc., Lake Forest, CA). Peptides were eluted off the C18
column with acetonitrile/H,O/TFA (70%:25%:0.2%),
dried in a Speed-Vac and finally reconstituted with
26 .l of 0.1% formic acid.

Peptide fractions were individually analyzed by
nanoLC-MS/MS using 1100 series LC/MSD Trap SL
spectrometer (Agilent, Palo Alto, CA). Chromatogra-
phy of peptides prior to mass spectral analysis was
accomplished using C18 reverse phase HPLC trap
column (Zorbax 300SB-C18, 5 M, 5mm x 0.3 mm,
Agilent) and separation column (Zorbax 300SB-C18,
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3.5um, 0.075mm x 150 mm, Agilent) onto which
22 pl of each extracted peptide fraction was automati-
cally loaded. An Agilent 1100 series HPLC delivered
solvents A: 0.1% (v/v) formic acid in water; and B:
95% (v/v) acetonitrile, 0.1% (v/v) formic acid, at ei-
ther 10 wl/min to load the sample, or at 0.28 wl/min to
elute peptides directly into the nano-electrospray. The
elution was for 60 min in a gradient from 20 to 80%
(v/v) solvent B. Peptides eluting from the HPLC col-
umn/electrospray source were trapped in an ion cell
and sequential MS/MS spectra spanning from 300 to
2200 m/zwere generated for the 10 most abundant ions
present at each switching event. Redundancy was lim-
ited by dynamic exclusion. MS/MS data were con-
verted to matrix generic format (mfg) files using Data
Analysis Software (Agilent).

Resulting mgf files were used to search an amino
acid sequence database translated from the 11,722
publicly available P. chrysosporiumgene models
(www.jgi.doe.gov/whiterot). Briefly, these genes were
predicted using a protein homology-based program,
Genewise (Birney and Durbin, 2000), followed by
GrailEXP (Xu and Uberbacher, 1997), an ab initio and
mRNA homology gene finder incorporating expressed
sequences. The mgf files for each sample were also
searched against a larger database containing transla-
tions of all potential ORFs greater then 20 amino acids.
To reduce redundancy, the coding regions within the
existing 11,722 models were subtracted from this ORF
database based on genomic position. (Both databases
and the secretome compilation (below) are freely avail-
able as compressed fasta files and Excel worksheet,
respectively, upon request.) Spectrum Mill MS Pro-
teomics Workbench (Agilent) and an in-house licensed
Mascot search engine (Matrix Science, London, UK)
were used to identify the peptides. Throughout, protein
similarity scores are based on the Smith—\Waterman al-
gorithm (Smith and Waterman, 1981), using the BLO-
SUMG62 matrix.

2.3. Reverse transcription polymerase chain
reaction

P. chrysosporiumRP78 RNA was extracted from
cellulose-grown cultures using the RNeasy Maxi kit
(Qiagen Inc., Valencia, CA) according to the manufac-
turer’s instructions, with modifications. Specifically,
mycelia were harvested by filtration through Mira-

cloth (CN Biosciences, La Jolla, CA), snap frozen in
liquid N2, and ground to a fine powder with a pre-
chilled mortar and pestle. Ground mycelia were trans-
ferred to 50ml conical tubes, and 15ml RLC buffer
(RNeasy Plant Mini Kit, Qiagen) were added. Tubes
were shaken vigorously and the contents were forced
several times through sterile syringes fitted with 18-
gauge needles. The lysates were centrifuged 5000 x g
for 10 min in a swinging bucket rotor. One volume 70%
ethanol was added to the supernatants and shaken vig-
orously. The lysates were loaded onto RNeasy maxi
columns in 15ml increments and spun for 5-10 min
at 5000 x g until total sample volumes were loaded
onto the columns. Fifteen millilitres of RW1 buffer
were added to the columns and spun 5min as above,
followed by 10 ml RPE buffer and a 2min spin. Ten
millilitres of additional RPE buffer were added and the
columns were centrifuged for 10 minat 5000 x gtodry
the membranes. To elute the RNA, the columns were
transferred to conical collection tubes, 0.8 ml RNase-
free H,O were loaded directly onto the membranes,
incubated 1 min room temperature, and centrifuged for
3minat5000 x g. The elution was repeated with an ad-
ditional 0.8 ml H,O. Magnetic capture of poly(A) RNA
with oligo-(dT)2s beads followed the manufacturer’s
recommendations (Dynal, Great Neck, NY). mRNA
was also isolated from colonized wood chips (Akhtar,
1997), as previously described (Janse et al., 1998; Val-
lim et al., 1998).

Polyadenylated RNA was reverse transcribed with
oligo dT15 primer and cDNA was PCR amplified, as
previously described (Janse et al., 1998; Vallim et al.,
1998; Vanden Wymelenberg et al., 1993, 2002) using
gene-specific primers (Table 1). Primers flanked in-
trons to allow the differentiation of genomic and cDNA
amplicons. The cDNAs from cellulose-grown cultures
were directly sequenced to confirm the specificity of
amplification.

3. Results
3.1. Genome mining

A database encompassing translations of the cur-
rent 11,722 gene models was submitted to SignalP
v.2, TargetP v.1 and TMHMM v.2 (all available at
http://www.cbs.dtu.dk/services/) for the identification
of secreted proteins. Our screening excluded sequences
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Table 1
Primers used for RT-PCR amplification of select cDNAs?

Model® (gene) Primer sequence

Length (nt)¢ (gene/cDNA)

pc.143.21.1 (xyn10D) CTCACTGCAGTACCCTCGTCA 824/606
AACGCCGGCTTCTTCAC

pc.163.7.1 (cell2A) GCCGACCGCGTGGAACT 670/390
GCCGGACCGTAAATACATCATCAG

pc.11.202.1 (aga27) GTCCGTGTACGTCCGTGATAGATT 640/240
TACCGCCTTCCATACCTTTGTTT

pc.69.19.1 (phol) ACAAGACAGTCGCTGACGATG 560/510
TGACGCCTTCAGTCAAAGCAAC

gx.47.9.1 (scpl) ATGCCGGCAGTCAACTTCGTCAAA 828/620
CGCGCCCATGCCGTCTAC

pc.19.17.1 (ogtl) GGATGGGACGCGTTGGATTA 923/411

CCGACTGCATGAGGTGAGACA

@ Genes where identifying peptides gave Spectrum Mill scores <13.

b Automated gene model predictions at www.jgi.doe.gov/whiterot.

¢ Processed transcripts (MRNAs) yield RT-PCR products that are shorter than genomic DNA products and thereby help differentiate cDNA

amplicons from those arising from contaminating DNA.

with signal peptides greater than 40 amino acids of
the N-termini, one or more transmembrane domains,
and mitochondrial targeting signals. Final analysis pre-
dicted 268 soluble, putative secreted proteins. This
computational approach, no doubt, greatly underes-
timates the secreted proteins, mostly because of the
common problem of inaccurate and incomplete gene
models.

In silico analysis of the P. chrysosporiungenome
database revealed several new genes of possible im-
portance to cellulose and hemicellulose degradation.
Endoglucanase isozymes EG28, EG44, and EG38/36
purified from P. chrysosporiunstrain K3 (Henriksson
et al., 1999; Uzcategui et al., 1991a) were matched to
strain RP78 gene models pc.163.7.1 (cel12A), pc.6.6.1
(cel5B), and pc.26.11.1 (cel5A), respectively. Careful
inspection of these gene models suggested that certain
intron/exon junctions were inaccurately assigned and
these were corrected by RT-PCR amplification and se-
quencing of full length cDNA for cel5Aand cell12Aand
partial cDNA for cel5B. The cDNA sequences ofcel5A
and cell2Ahave been deposited (GenBank accessions
AY 682743, AY682744, respectively).

3.2. Protein identification

Several approaches were attempted to maximize the
number of extracellular proteins detected. Using con-

servative cut-off scores (e.g. Spectrum Mill MS peptide
scores >13; Mascot scores >40) the number of reli-
able identifications was highest in the sample digested
with trypsin without fractionation by cellulose bind-
ing. Under these conditions, a total of 109 peptide se-
guences were unambiguously assigned to 35 specific
gene models (Tables 2-4). Digestion of the same pro-
tein sample with AspN yielded 55 significant peptide
sequences, matching 23 gene models. Protein eluted
from cellulose cartridges and digested with AspN gave
36 peptides corresponding to 12 genes. When digested
with trypsin, the same cellulose-bound protein sam-
ple yielded 16 significant peptide sequences belong-
ing to 8 gene models. Thus, analysis of total protein
concentrated by ultrafiltration was found to be most
informative. However, we also observed that several
peptides were only detected after concentration with
the cellulose cartridges (Fig. 1), e.g. CBHI isozyme
(Cel7E), CBHII, putative xylanase Xyn10B, putative
endoglucanase Cel61B. While these examples corre-
spond to gene models with clear cellulose binding do-
mains, other peptides eluted from cellulose columns
do not have conserved or obvious binding modules,
i.e. lignin peroxidase isozyme H2, putative xylanase
xyn10D, and putative endoglucanase cel45A.
Searches of the larger database containing all po-
tential ORFs greater than 20 codons proved useful
for extending the carboxy- and N-terminal regions
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Table 2
Peptide identifications matching previously known P. chrysosporium proteins and/or genés
Model? Gene®  Function Peptide sequence? Sample® (number  Protein cDNAf Comment?
of peptides)
gx.66.3.1 gly3B  B-glycosidase =~ ELLHQMEQETIVLLENR 1(1) Abbas et al. (2004) - CBM1
pc.26.11.1** cel5A  Endoglucanase VIFGIMNEPHDIPSISTWVNSVQGAVNAIR 1(4), 2(2), 4(1) Uzcategui et al. (1991a) AY682743 CBM1; EG38/36
WNGGIIAQGGPTDAQFQSIWTQLAQK
YDQTVQAALNSGPNVGVIIDLHNYAR
pc.6.6.1 cel5B  Endoglucanase LQAATQWLQQNNLK 1(1), 2(1), 4(2) Uzcategui et al. (1991a) - CBM1,; EG44
DPNNNVAIEMHQYL
DQTYLSGLQTIVSYITGKGGYAL
pc.3.82.1* celé CBHIlI DEIHYINALAPLLQQAGW 4(2) Uzcategui et al. (1991c) Tempelaars et CBMZ1; CBH50
DPTLSSKAASVANIPTFTWL al. (1994)
pc.116.24.1* cel7E  CBHI DAAAFTPHPCTTDGQTRCSG 4(1) - Munoz et al. CBM1
(2001)
pc.139.26.1* cel7C  CBHI GLTVDTSKPPTVVTQFITNDGTSAGTL- 1(3), 2(2), 4(10) Uzcategui et al. (1991c) Simsetal. CBM1, CBH62
TEIR (1988)
IPGIDPVNSITDNFCSQQK
DTSKPFTVVTQFITN
pc.33.51.1* cel7lD  CBHI VYLMADDTHQLLK 1(7), 2(4), 4(8) Uzcategui et al. (1991c) Vanden CBM1, CBH58
NTGLCDGDGCGFNSFR Wymelenberg
TAFGCTNWFAQK etal. (1993)
pc.95.47.1* cel7F  CBHI YGTGYCDSQCPK 1(1) - Munoz et al. CBM1
(2001)
gw.74.21.1*  xyn10A Xylanase A LYINEYNIEYAGAK 1(2), 4(1) Decelle et al. (2004) AF301903 CBM1
MTLPSTPALLAQQK
DDNTMFGQITPANSMKW
gx.42.28.1* xynlOB Xylanase LYINEYNIEFAGAK 1(1), 2(2) Decelle et al. (2004) - CBM1
GQVYAWDVVNEPFNDDGTWRT
DIRMTLPSTPALLAQQQT
pc.143.21.1  xynl0D Xylanase mtlpstpallgagk (score: 12.45) 3(2) Abbas et al. (2004) -
pc.120.11.1* xynl1lA Xylanase B DFGTYNPAVSLTHKGTLTS 2(1) Decelle et al. (2004) AF301905 CBM1
pc.163.7.1*  cell2A Endo- advsydiwfgk (score: 10.19) 1(2) Henriksson et al. (1999) AY682744 EG28
glucanase
pc.11.202.1* aga27A «-Galacto- vyiqtgpyevfdlwgk (score: 11.2) 1(2) Brumer et al. (1999) Hart et al.
sidase (2000)
pc.67.67.1*  exg55A Exo-1,3-B- WSGASSGHLQGSLVLNNIQLTNVPVAVGK 1(5), 2(7) Abbas et al. (2004) -
glucanase VSSPLVVLYQTQLIGDAK

GDGNTDDTAAIQAAINAGGR

[44
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pc.5.157.1* cdhl Cellobiose
dehydro-
genase

pc.19.174.1* lipD LiP isozyme
H2

pc.111.22.1* Protease

YLEQSFNVVSQLLK
VFGTNNLFIVDAGIPHLPTGNPQGTLMS-
AAEQAAAK

GTVLTPPWLVNPVDK

DSIAISPKLQSQGKFGGGGA
DQVLARML

GWDPVTGLGTPNFAALK
ATQSSNTLGVSGFIDQFANQADL-
TTFLNR (manually curated

model)

SLANNLCNAYAQLGAR (manually curated
model)

1(7), 2(4), 4(1)

42)

1(3)

Henriksson et al. (2000a)

Tuisel et al. (1990)

Datta (1992)

Raices et al. CBM
(1995)

de Boer et al.
(1987)

@ Six-day-old Avicel-containing media, as described in Section 2.
b Automated gene model predictions at www.jgi.doe.gov/whiterot. Models with asterisk were computationally predicted as part of the ‘secretome’. Those with two asterisks
revealed secretion signals following manual identification of the translational start codon. Models without asterisks were N-terminally incomplete, containing multiple short exons

and uncertain translational starts.

¢ Glycosyl hydrolase families, as described by Henrissat and co-workers (http://afmb.cnrs-mrs.fr/CAZY).

d Peptide sequences shown had highest Spectrum Mill MS score. Less confidence is assigned to lower case peptides with scores <13.

€ Soluble protein concentrated by ultrafiltration (samplel and 2) or by cellulose binding (3 and 4), followed by SDS-PAGE fractionation and digestion with trypsin (1 and 3) or
with Endoproteinase Asp-N (2 and 4). The number of significant peptides are shown parenthetically and varied with method of concentration and enzymatic digestion.

f GenBank accession in script represent full length cDNAs sequenced as part of this study.

9 Predicted carbohydrate-binding module (CBM), followed by protein designation, if any.
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Table 3
Peptides corresponding to previously uncharacterized glycosyl hydrolases of P. chrysosporiuth
Model® Family  Function Peptide sequenced Sample Commentf
(number of
peptides)®
gx.102.2.1**  GH5 Putative B-mannanase YVDEPTILAWELANEPR 1(2), 2(2) CBM1; man5C
AYQDIVNAGSTVVR
DIVNAGSTVVRTLGFN
pc.30.50.1**  GH5 Putative B-mannanase YVNEPTIMAWELSNEPR 1(4), 2(2) CBM1; man5D
AVQDIANAGSTVVRT
SANKPVIMEEFGVTSDQTDVYK
pc.5.251.1 GH10 Putative xylanase DSANAKLQAVVNLVKQVNNGGTKLI 4(4) CBM1, xyn10C
DSAVTIAQFGQLTPENSMKW
DPNAKLYIN
pc.5.247.1* GH12 Putative xyloglucanase/ STENIQLNQGINK 1(2) cell2B
endoglucanase TTWSWSGGSGGVK**
pc.180.9.1* GH15 Putative glucoamylase SIYGVNSGIASNAAVATGR 1(5), 2(2) CBM20, glal5A
VIVDQUAAGQDTSTR
AGVVIASPSTTNPDYLYTWVRD
pc.22.125.1* GH16  Putative B-1,3-glucanase  VNYVNQATAVAK 1(3) gly16A
AYTTHVAIIDVR
NAYWDIAAVR
pc.11.89.1 GH18 Putative chitinase VYIGAPASSSAAGTGYQSISTLQNIATQMR 1(1) chil8A
pc.63.54.1* GH18 Putative chitinase VFIGAPASSTAAGSGYVDIGTLSNILQQTK 1(2), 2(2) chil8B
DNWAKTTSPNKNVKVFIGAPASSTAAGSGV
gx.1.81.1 GH28 Putative ttltvnsgaer (score: 12.5) 1(2), 2(2) epg28A
polygalacturonase qgfgvlidgsypdtlgtptgvtisdinftgak (score: 12.3)
DATVSGVIIQGNTITNS
gx.32.31.1 GH28 Putative DIYNVGGNQMFMIK 1(5); 2(2) CBM1, rhg28C
rhamnogalacturonase GASQWAFQLDGVISR
NTICNVLDYGGSIGSSDIGPAIQSAFNNCVLK
pc.71.18.1* GH43 Putative B-glycosidase WFSASSLAGPWSAQQDIAPSATR** glyl43A
gndalspiagtmistsnvverpk (score: 10.1)
diapsatrtwysqgnaf (score:11.8)
pc.55.40.1 GH45 Putative endoglucanase AASGFTAAINQLAFGSAPGLGAGDACGR 3(1); 4(0) celd5A
dacgrcfaltgnh (scorel1.1)
pc.50.85.1 GH51 Putative LAFPTMQSSSGEAAFMTGLER 1(2), 2(2) arb51A
a-L-arabinofuranosidase TIDYTAPPFSVSVIR
DSSTGPGALRASLGHPEPFTLHYVEIGNE
gw.48.27.1** GH61 Putative endoglucanase DTLQWFKI 4(1) CBML1, cel61B
pc.129.11.1* GH74  Putative xyloglucanase/  FNPVWTTNVDLDTAGNVPSTIVR 1(9), 29) gly74A
endoglucanase VTSLPDSGTYAPDPTDSSGINSDK
INDAAHGFGSISSNVLTADPR
pc.19.88.1* GH74 Putative xyloglucanase/ DGGKTFAKQATLGTSSSVSTVIVHPAVTG 2(1) CBML1, gly74B

endoglucanase
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Table 3 (Continued

Model® Family® Function Peptide sequence? Sample Comment'
(number of
peptides)®
gx.24.50.1* GH88 Putative delta 4,5 ILATAQQTQNPPK 1(1) gly88A
unsaturated glucuronyl
hydrolase

@ Six-day-old avicel-containing media, as described in Section 2.

b Automated gene model predictions at www.jgi.doe.gov/whiterot. Asterisks refer to N-terminal completeness as in Table 2.

¢ Glycosyl hydrolase families, as described by Henrissat and co-workers (http://afmb.cnrs-mrs.fr/CAZY).

4 peptide sequences shown had highest Spectrum Mill MS score. Less confidence is assigned to lower case peptides with scores <13. In two
instances (marked **), Mascot analyses of same spectra revealed an additional sequence. The GH51 sequence in bold represents a peptide
assigned to an ORF located 3’ of model pc.50.85.1. Manual inspection of model showed this corresponds to the COOH terminus of arb51A.

€ Soluble protein concentrated by ultrafiltration (sample1&2) or by cellulose binding (3 and 4), followed by SDS-PAGE fractionation and
digestion with trypsin (1 and 3) or with endoproteinase Asp-N (2 and 4). The number of significant peptides varied with method of concentration
and enzymatic digestion. Most peptides were detected by trypsin digests of concentrated protein, but certain proteins predicted to contain
carbohydrate-binding modules were only detected by cellulose binding, i.e. putative xylanases pc.143.21 and pc.251.1, putative endoglucanases

pc.55.40.1 and gw.48.27.1.

f Predicted carbohydrate-binding module (CBM), if any. Italicized gene designations adhere to family designations. Those with ‘gly” prefix

belong to functionally heterogeneous families.

of incomplete gene models pc.50.85.1 (putative o-
L-arabinofuranosidase) and pc.69.19.1 (putative acid
phosphatase), respectively. In the case of the acid
phosphatase, no other peptides were detected and the
Spectrum Mill score was relatively low (Table 4). How-
ever, RT-PCR identified the cDNA corresponding to
model pc.69.19.1, thereby supporting the mass spec-
troscopy identification (Fig. 2). Another ORF database
match was model pc.168.16.1, a hypothetical protein
conserved in many fungal species. Thus, of the 50 ex-
pressed genes, 2 (pc.69.19.1, pc.186.16.1) were iden-
tified exclusively with the expanded ORF database.
The 50 identifications are categorized as those
18 genes for which nucleotide or partial protein se-
quence was previously reported (Table 2), peptides
corresponding to 17 previously unknown glycosyl
hydrolases (Table 3), and peptides corresponding to an-
other 15 previously unknown genes of diverse function
(Table 4). Results for specific protein families follow.

3.3. GlycosylhydrolasefamiliesGH6 andGH7
(cellobiohydrolases)

Consistent with previous studies of P. chrysospo-
rium in cellulose-containing media (Uzcategui et al.,
1991c), CBH1 isozymes corresponding to CBH62
(cel7C) and CBH58 (cel7D) were identified Table 2).

S Total cBIND S

o —250 kDa
W ~150 kDa

& —100 kDa

250 kDa
150 kDa
100 kDa

75kDa

— 75kDa

q —50kDa

&*—STKDa

50kDa

37 kDa

— 25 kDa
25 kDa

Fig. 1. SDS-PAGE of total extracellular protein and CBIND-treated
protein. The “total” protein lane represents approximately 1.5ml
culture fluid whereas the “CBIND” lane represents, approximately,
225 ml culture fluid, as estimated by the nominal-fold concentration
of samples after ultrafiltration (see Section 2). Comparisons by vi-
sual inspection of SDS-PAGE gels with serial dilutions indicate less
than 1% of total protein is recovered from the CBIND cartridge,
providing a sample highly enriched in cellulose-binding proteins.
Molecular weight standards (S) are indicated.
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Table 4

Peptides corresponding to uncharacterized gene models of P. chrysosporiufh

Model? Gene® Putative function Peptide sequenced Sample Similarityf Comment
(number of
peptides)®
pc.100.54.1**  axel Acetylxylan esterase FAISNWGVDPNR 1(3) Aspergillus ficuum CBML,; carbohydrate
MQVWHGTADTTLYPQNFFEEIK (AF331757); 752 esterase family 1
VAAAYPGYTGPYPK
gx.91.6.1** gox1 Glucose oxidase LTQGADVNDGHPTGVFVTPLDPAR 1(4) Aspergillus niger FAD-dependent peroxide
WAASQAAAGGGVSADALQEIMR (AJ294936); 480 generation
GQDVQYDSWNALLEPEEK
pc.69.19.1* phol Acid phosphatase davrfgiqtlspkffggpp (score 12.0) 2(1) Yarrowia lipolytica Peptide lies in ORF
(possible phosphorous (P30887); 154 upstream of model
scavenger)
pc.12.138.1 aspl Aspartyl protease Al ATGATLDNNTGLLR 1(3); 2(3) Polyporus tulipiferae
FYSVFDTTNKR (P17576); 1294
LGLATTPFTTATTN
pc.127.30.1* asp2 Aspartyl protease Al TPNTGFETIIDSGTTIMYGPPSAVK 1(3); 2(1) Amanita muscaria
LASSGSTLFLGGTDTSK (AJ295271); 1170
YTGSIEYHAIDTSTGFWQAK
gx.47.9.1 scpl Serine carboxypeptidase Iwngifnaavgvnpafniyr (score 10.83) 1(1) A. niger (S78072);
984
pc.12.135.1* rntl RNase GAEAVAFFNTVVSLFK 1(3) Irpex lacteus RNase T2 family
GSLLDGQFVPIDAPEK (AAB35888); 1021
TLPTYDWLSSAGITPSTSK
0x.38.23.1 gtal Glutaminase SAQPLGDWYETTDGSVEGFR 1(12); 2(9) A. nidulans
YLLLPLFEYQATGQYPNK (AB029553); 1457
DLFISAVHSYAADGK
pc.19.17.1 ogtl O-linked GIcNAc tmsppvvslipfntfiyplsprtir (score 10.6) 1(1) N. crassa Glycosyl transferase
transferase (AL513464); 1529 family 41
0x.10.71.1** alel Aldose-1-epimerase LDITTNNPATQVYTATYWLNTPR 1(2); 2(1) Vibrio cholerae

VVEVDGDAIPTGNFIDVTGTPW-DFR
DAFQGSENILNHHLHV

(NP_231234); 312

9
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pc.97.36.1 thnl

pc.79.55.1 thn2

pc.140.25.1

pc.168.14.1

pc.168.16.1**

Thaumatin-like

Thaumatin-like

Hypothetical protein

Hypothetical protein
(possible peptidoglycan
hydrolase)

Hypothetical protein

GPFDSTGFPVGCK
IDNDKGCGVASCPVDLGPNCPA-PLK

gcgvascpvdlgpnepaplk (score 11.3)
DLGPNCPAPLKGPF

FAVSGLPANVFGMAGK

IFTYGGVGPTGSCTPGDLSTVK
DANGNPYGSFAIQTYR

TGIVDAPVDPADNIQWVSLSALD-
KPDGTPWGK
fagqvyr (score 11.1)

1)

1(1); 2Q1);

1(1)

19)

12)

A. thaliana
(Q9C9Q0); 350

A. thaliana
(Q9SZP5); 339

Paramecium bursaria
protein (NC_000852);
68

Streptococcus mutans
(smu:SMU.22)

protein; 61

N. crassa
(NCU06806); 56

Model hits P.
chrysosporium EST

Model hits P.
chrysosporium EST

Model not in original
database. Peptide
identified in ORF
database

@ Six-day-old Avicel-containing media, as described in Section 2.
b Automated gene model predictions at www.jgi.doe.gov/whiterot. Asterisks refer to N-terminal completeness as in Table 2.
¢ Gene designations only used for those sequence with Smith—Waterman similarity scores >150.
4 peptide sequences shown had highest Spectrum Mill MS score. Less confidence is assigned to lower case peptides with scores <13. Sequences in bold represents peptides
assigned to ORFs excluded from the current 11,722-protein models database. These were identified by searches of the larger ORF database.
€ Soluble protein concentrated by ultrafiltration (samplel and 2) or by cellulose binding (3 and 4), followed by SDS-PAGE fractionation and digestion with trypsin (1 and 3) or
with endoproteinase Asp-N (2 and 4).
f Best NCBI blastP hit to the model. Species (accession); Smith-Waterman score using BLOSUM 62 matrix.
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pc.143.21.1
xyn10D

pc.163.7.1
cel12A

pc.11.202.1 pc.19.17.1
agaz7A ogt1

Fig. 2. RT-PCR amplification of genes with low scoring peptides.
Panel A and B gene models are listed with peptide scores in
Tables 2 and 3, respectively. Gene-specific PCR primers and ex-
pected lengths of cDNA and genomic products are listed in Table 1.
Lanes 1-3 are amplifications with RNA from 3-day-old cellulose
(avicel) cultures, from 6-day-old cellulose (avicel) cultures and from
colonized wood chips, respectively, as described in Section 2. Lane 4
contains amplicons from P. chrysosporiungenomic DNA. A second
larger band in lane 1 of ogtl and xyn10D amplifications indicates
genomic DNA contamination of RNA from 3-day-old cultures.

Peptides matching cel7Eand cel7Fwere identified for
the first time. Also consistent with previous investi-
gations, peptides corresponding to CBH2 (cel6) were
observed.

3.4. Glycosyl hydrolase family GH5
(endoglucanases)

Of 18 putative GH5 gene models within the P.
chrysosporiungenome (Martinez et al., 2004), four of
the matching peptides were detected in Avicel cultures
(Tables 2 and 3). Comparisons of our corrected models
with experimentally determined amino acid sequences
(Uzcategui et al., 1991a) show that cel5Aand cel5B
correspond to isozymes EG38/36 and EG44, respec-
tively (Table 2). Mass spectroscopy also revealed two
new GH5 family members corresponding to gene mod-
els gx.102.2.1 and pc.30.50.1 (Table 3). These mod-

els are most closely related to B-mannanases within
the GH5 family, and have been designated accordingly
as man5Cand man5D. All four GH5 model proteins
have a highly conserved carbohydrate-binding module
(CBM family 1) at their N-termini.

3.5. Glycosyl hydrolase family GH61
(endoglucanases)

A minimum of 17 putative cel61 sequences were
recognized in the P. chrysosporiungenome (Martinez
et al., 2004), and a single cDNA (cel61A) was pre-
viously characterized (Vanden Wymelenberg et al.,
2002). The corresponding protein was not detected. In-
stead, a protein matching gene model gw.48.27.1 was
identified. Designated cel61B, the gene has a carboxy
terminal CBM1 domain. The predicted sequence is
61 and 36% identical to an Agaricusbisporuscellu-
lase (GenBank Q00023) and TrichodermareeseiEG4
(GenBank 014405), respectively.

3.6. Glycosyl hydrolase family GH12
(endoglucanases)

In silico comparisons of gene models (Martinez et
al., 2004) with experimentally determined amino acid
sequence (Henriksson et al., 1999) matched model
pc.163.7.1 with endoglucanase EG28 (Table 2). As
mentioned above, we amplified and sequenced the full-
length cDNA of this cell2Agene, and a closely re-
lated gene, pc.5.247.1 (cell2B), was identified in the
database. Both proteins were detected, but a low Spec-
trum Mill score was obtained for cell2A (Table 2).
Despite the low score, RT-PCR identified transcripts
of gene model pc.163.7.1 under all conditions tested

(Fig. 2).

3.7. Glycosyl hydrolase families GH10 and GH11
(xylanases)

Previously sequenced by Simms and co-workers
(unpublished, GenBank accessions AF301903,
AF301905), cDNAs encoding putative xylanase A
and xylanase B correspond to gene models gw.74.21.1
(xyn10A) and pc.120.11.1 (xyn11A(Martinez et al.,
2004). Mass spectroscopy detected peptides matching
both genes. A relatively low Spectrum Mill score
was obtained for xynlOD (pc.143.21.1)(Table 2),
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but subsequent amplification of the xyn10D cDNA
supported the mass spec identification (Fig. 2). Our
analysis also revealed a previously unknown GH10
corresponding to gene model pc.5.251.1, which
we designate xynl1OC (Table 3). Except xynl0D
(pc.143.21.1), the GH10s are each predicted to encode
a single CBM1 at their N-termini.

3.8. Glycosyl hydrolase family GH3

The B-glucosidase gene, bgI3A was previously
shown to be expressed under cellulose induction (Li
and Renganathan, 1998), although at relatively low
levels (Vanden Wymelenberg et al., 2002). The bgI3A
protein was not detected in this study. Genome analy-
sis (Martinez et al., 2004) indicates a minimum of 12
GH3-like sequences and our mass spectral data identi-
fied a peptide corresponding to GH3 model gx.66.3.1
(Table 2). Designated gly3B, the predicted amino acid
sequence lacks a recognizable carbohydrate-binding
module and is only 25% identical to bgl3A. Recent
investigations show that purified BGL3A has substan-
tial glucan 1,3-8-glucosidase activity (Igarashi et al.,
2003). Most recently, Abbas et al. (2004) identified
GLY 3B peptides in culture filtrates of P.chrysosporium
grown in media containing powdered oak wood. The
GH family 3 contains B-glucosidases and B-glucanases
among other activities, and further enzymatic studies
will be required to reveal the true specificity of these
two genes.

3.9. Glycosyl hydrolase family 28

We detected two members of glycosyl hydrolase
family 28 (Table 3). The putative polygalacturonase
gene, gx.1.81.1 (epg28A), encodes a protein that is 58%
identical to a Chondrostereunpurpureumpolygalac-
turonase (Williams et al., 2002). Peptides correspond-
ing to model gx.32.31.1 were also detected. This gene,
designated rhg28C, is closely related to rhamanogalac-
turonases from ascomycetes, such as A. aculateuswith
amino acid sequence identities >53%. Neither egp28A
nor rhg28C, have obvious binding domains.

3.10. Glycosyl hydrolase family 74

Searches of the P. chrysosporiumgenome had
shown only two members of the GH family 74

(Martinez et al., 2004), and peptides matching both
genes were present in the cellulose-grown cultures
(Table 3). Members of this family are widely distributed
in bacterial and fungal systems, and all are believed to
be inverting with respect to anomeric configuration of
products. The models, pc.129.11.1 and pc.19.88.1, ap-
pear to have complete N-termini and secretion signals
were detected. In the absence of known substrate speci-
ficities, the genes were designated gly74Aand gly74B
and the deduced proteins sequences were found to be
63% identical.

3.11. Glycosyl hydrolase family 16

Family 16 is large and functionally heterogeneous
and the P. chrysosporiumgenome has at least 20
members. Peptides matched a single gene model,
pc.22.125.1 (Table 3). Designated gly16A, the gene
is most similar (Smith—-Waterman score 516) to a
mixed-linked glucanase from Cochioboluscarbonum
(Gorlach et al., 1998). The deduced protein sequence
of gly16Ais 75% identical to P. chrysosporiummodel
pc.78.31.1. Abbas et al. (2004) detected a peptide
matching model pc.78.31.1, and Samejima and co-
workers have deposited the corresponding cDNA se-
guence (BAC67687).

3.12. Other carbohydrate-active enzyme families

Possibly of importance to hemicellulose degra-
dation, proteins closely related to known acetylxy-
lan esterases (CE family 1, axelA, pc.100.54.1)
and a-L-arabinofuranosidase (GH family 51, arb51A,
pc.50.85.1) were detected. The simultaneous occur-
rence of these enzymes may be significant because of
their potential to act in a synergistic fashion with en-
doxylanases (Castanares et al., 1995).

Finally, we detected a single a-galactosidase pro-
tein (model pc.11.202.1), and this corresponds to the
enzyme and gene previously characterized (Brumer et
al., 1999; Hart et al., 2000). The peptide Spectum Mill
score for this a-galactosidase was relatively low, but
expression was supported by the presence of its cDNA

(Fig. 2).
3.13. Oxidative enzymes

Peptides corresponding to a putative glucose ox-
idase gene (model gx.91.6.1) were identified. The
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protein prediction of this model is very similar to A.
nigerglucose oxidase (Smith-Waterman score of 480).
The enzyme oxidizes B-p-glucose at C-1 producing
p-gluconolactone and HyO, with O, as the electron
acceptor. Therefore, this glucose oxidase is more pre-
cisely designated as glucose 1-oxidase, distinct from
the glucose 2-oxidase or pyranose 2-oxidase (POX).
The POX cDNA was recently sequenced (de Koker
et al., 2004). No other extracellular oxidases were de-
tected in cellulose-grown cultures, although cellobiose
dehydrogenase was found, as expected.

3.14. Other enzymes

We also observed multiple peptide matches to a se-
quence with strong similarity to aldose-1-epimerase
(gx.10.71.1; Table 4). Also known as mutarotase,
this enzyme enhances glucose 1-oxidase activity
by catalyzing the inter-conversion of «-p-glucose
and B-p-glucose. Mutarotase is generally considered
intracellular and so its identification in P. chrysospe
rium culture filtrates was surprising. However, careful
inspection of the gene model revealed multiple introns
in the 5’-terminus and an archetypal eukaryotic secre-
tion signal was identified with high confidence using
both SignalP-NN and SignalP-HMM. Further, we have
determined that “hypothetical proteins” in U. maydis
(UMO01772) and N. crassa(XP329561) have similar
structural features and secretion signals. An aldose-1-
epimerase would also have a critical role in cellulose
depolymerization involving exo- and endo-glucanases
with inverting mechanisms (see Section 4).

Several proteases were identified in cellulose-grown
cultures. Two aspartyl proteases (aspl, pc.12.138.1;
asp2, pc.127.30.1) and a low scoring serine protease
(scpl, gx.47.9.1,Fig. 2) were not previously known
(Table 4). In contrast, model pc.111.22.1 (Table 2) en-
codes a protease isolated from colonized wood shav-
ings and first identified by the match to the N-terminal
amino acid sequence published by Datta (1992). By se-
quencing cDNAs and various manual corrections, we
have determined that the protease is synthesized with a
184-residue propeptide and 17-residue secretion signal
(unpublished results). The deduced protein is most sim-
ilar to A. oryzaeaorsin (Lee et al., 2003), a member of
the serine—carboxyl family and insensitive to pepstatin.

Based on structural similarities with known pro-
teins, additional expressed sequences include glutam-

inase, RNase, two thaumitin-like proteins, acid phos-
phatase, and an O-linked UDP-N-acetylglucosaminyl-
transferase (Table 4). The latter two peptides gave
relatively low Spectrum Mill scores, and their tran-
scripts were not detected in 6-day-old cellulose-grown
cultures (Fig. 2). However, cDNAs were amplified
from 3-day-old cellulose-grown cultures, suggesting
temporally regulated expression and relatively stable
proteins.

4, Discussion

Diverse extracellular proteins were observed in
basal salts with cellulose as the sole carbon source. The
current database of 11,722 sequences contains many in-
complete and inaccurate gene models, but it allowed the
identification of 178 unique peptides representing 48
genes. We believe all these identifications to be reliable
because conservative scoring thresholds were imposed
and expression was supported by cDNA amplification
of the lowest scoring peptides. Only two additional
genes, pc.69.19.1 (phol) and pc.168.16.1 (hypotheti-
casl protein) were identified using a larger set of ORFs.
Nevertheless, the ORF database is recommended for
complete analysis and in two cases, pc.69.19.1 and
pc.50.85.1 (arb51A), ORF “hits’ enabled extension of
current models. In terms of optimizing the number of
identifications at lowest cost, trypsin digests of concen-
trated filtrate and AspN digestion of CBIND eluates
were together able to provide peptide sequence for all
but six genes.

In contrast to the gene model and ORF databases, the
computationally derived ‘secretome’ of 268 models is
less useful. Of the 50 models assigned to specific pep-
tides, only 25 were predicted. Given the inaccuracies
inherent in fungal gene models, particularly incomplete
N-termini, it seems unlikely that computational ap-
proaches will be useful for generating reliable and com-
plete databases suitable for peptide searches. However,
the list of gene models predicted to encode secreted,
soluble proteins includes many interesting sequences
which merit future study. In addition to the well-known
lignin peroxidases and manganese peroxidases, a min-
imum of 30 glycosyl hydrolases and 21 proteases were
identified. Among the latter group were 10 of thel2
glutamic proteases, recently analyzed by Sims et al.
(Sims et al., 2004). Sequences potentially involved in
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degradation of lignin and related aromatic compounds
include those similar to various oxidoreductases, ox-
alate decarboxylases, and hydoxylases. Perhaps more
significant, at least 37 models showed some similarity
(Smith—Waterman scores >50 using BLOSUM 62 ma-
trix) only to hypothetical proteins in public databases,
and 23 of these were very similar (score >150) to con-
served proteins of unknown function.

While an impressive range of soluble proteins was
identified in culture filtrates, the results pale in compar-
ison to the number of gene models, which on the basis
of structure, might be predicted to be important in de-
grading cellulose. For example, the genome harbors a
minimum of 166 glycoside hydrolases in comparison
to the 32 detected in out studies.

Families of structurally related genes are well
known in P. chrysosporium, and the 32 identified gly-
coside hydrolases were unevenly distributed among 19
GH families. No peptides were identified for GH fam-
ilies 31, 47, or 92, which are predicted to contain 6, 5,
and 6 members, respectively. Families 3, 16 and 61 are
predicted to have a minimum of 12, 20 and 17 mem-
bers, respectively, but only one representative protein
was found for each of these families. In contrast, both
predicted GH12s and GH74s, most GH7s (four out of
six) and most GH10 (four out of six) were identified in
the culture filtrate. The biological role of gene multi-
plicity remains uncertain. Substrate-based differential
regulation among closely related genes is well estab-
lished among the cellobiohydrolases and peroxidases,
and it seems likely that many of the glycosyl hydrolases
are expressed under cultural conditions other than that
evaluated here.

Expression of genes involved in extracellular ox-
idations appeared to be limited to CDH and GOX
in the cellulose-containing medium. Glucose oxidase
activity was previously reported in P. chrysosporium
cultures and the protein purified (Kelley and Reddy,
1986,1988). However, efforts to repeat those results
suggest that the oxidase was most likely a POX and
not the glucose 1-oxidase (Volc et al., 1996). There-
fore, the indication of a putative GOX in cellulose-
grown culture is particularly intriguing considering the
past confusion regarding these oxidases. The cDNA en-
coding P. chrysosporiuniPOX was recently sequenced
and Northern blots showed high transcript levels in C-
starved cultures relative to cellulose-grown cultures (de
Koker et al., 2004). These results, together with our in-

ability to detect POX peptides herein, suggest that POX
is not required for cellulose degradation.

The importance of an aldose 1-epimerase in
metabolism is related to the anomeric specificity of the
enzymes that further transform the substrate. For ex-
ample, only the B-anomer of cellobiose is a substrate
for CDH of P. chrysosporium(Higham et al., 1994),
and therefore a cellobiose 1-epimerase would greatly
accelerate cellobiose oxidation by CDH. Similarly, glu-
cose 1-oxidase is reported to only oxidize the B-anomer
of glucose, while pyranose oxidase will oxidize both
«- and B-anomers (Taguchi et al., 1985). Therefore, a
1-epimerase is critical for the rapid and complete oxi-
dation of glucose by glucose 1-oxidase. The anomeric
configuration of an aldose can also be important with
hydrolases, even when the anomeric carbon is not the
site of hydrolysis; the B-glucosidase from Aspergillus
niger preferentially hydrolyzes the g-anomer of cel-
lobiose (Seidle etal., 2004). Consequently, arole for an
aldose 1-epimerase in cellulose metabolism is probable
especially considering the presence of inverting-type
cellulases reported here (endoglucanases pc.129.11.1
and pc.19.88.1 of GH74 family and cellobiohydrolase
pc.3.82.1 of glycoside hydrolase family 6). Enzymes
that would conceivably benefit from an epimerase are
GOX(gx.91.6.1), CDH (pc.5.157.1) and B-glycosidase
(gx.66.3.1). Whether the epimerase ALE1 (gx.10.71.1)
has activity with glucose and cellobiose is not known
but importance in extracellular metabolism is sup-
ported by its presence in culture filtrates and by the
prediction of secretion signals in P. chrysosporiunand
in other cellulolytic fungi.

In summary, mass spec analysis holds consider-
able promise for solving fundamental questions re-
lated to lignocellulose degradation. Hundreds of genes
are predicted to encode extracellular enzymes and
LC-MS/MS provides a direct approach for assessing
expression. However, mass spectral analysis can be
costly and detection limited by technical issues (gly-
cosylation, resistance to proteolytic cleavage, etc.).
Database interpretation should recognize that current
gene models are computer generated and continu-
ally subject to revisions (e.g. additions, deletions, cor-
rections). Twenty-five proteins detected in our study
correspond to gene models without secretion signals
as predicted by SignalP. We presume that many;, if not
all, of these models are incorrect at their N-termini,
but manual inspection revealed only seven additional
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secretion signals. New and improved modeling ap-
proaches are being implemented (Igor Grigoriev, Joint
Genome Institute, personal communication), and com-
putational analysis of future databases is likely to better
predict secreted proteins.
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